Abstract This report makes a comparison between the spectrum features of plasmonic metamaterial metal-insulatorconductor (MIC) sensor with a monolayer of graphene and another MIC sensor with a multilayer of graphite as the back reflector. In both structures, the silicon substrate as an insulator layer was sandwiched between subwavelength periodic nanogold cones as the first layer and graphene and graphite as the third layer, respectively. Nanolayer of chromium nanorods was also considered in the structure of MIC sensors as an interface layer between silicon and nanogold cone metasurface. The performance of the sensor was evaluated under different incident polarized light angles and different thickness of the metasurface when the metasurface infiltrated with seawater and air. The transmission spectrum of monolayer graphene-based MIC sensor, respecting to s-polarized waves, reveals prominent feature to detect the air rather than seawater in invisible regime. Meanwhile, the reflection spectrum of graphite-based MIC sensor provides ∼0 % reflection under resonance condition regarding s-and p-polarized waves for detecting air in visible spectrum.
Introduction
Plasmonics or coupling of photon-electron is the fact that can be observed in any photonic device, which deals with pool of electron and photons [1] . Surface plasmon waves as the result of plasmonics can be altered through variation of either surface structure of a conductor (property of electron source) or light incident angle, wavelength, or polarization (properties of the photon source) [2] [3] [4] [5] [6] . Typically, materials with a negative real and small positive imaginary dielectric constant possess the capability to sustain a surface plasmon resonance (SPR) [7] . The association of the nanostructures in the range of subwavelength or below it, in such materials, causes the conduction electrons effectively excited and starts to propagate upon the incident light angle [8] . Despite the value of the incident angle and polarization state, free electrons at each combination of metal-dielectric or dielectric-metal would displace at plasmon resonance frequency [9, 10] . Hence, the oscillation of the electrons formed a field inside the metamaterial and also a dipolar field around the peripheral of the metasurface. This potent near field patterns around the subwavelength structures considerably increases the absorptivity [11] .
Among plenty of SPR-based devices, metamaterial metalinsulator-conductor (MIC) devices with many distinguished configurations through various resonant mechanisms, including SPRs, localized SPRs (LSPRs), and Fabry-Perot resonance with different application of sensing/solar cell, have been reported in the past decade [7, 9, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . In the report published by Hao et al. [23] , the metamaterial MIC structure with metallic nanoring pattern of Ag (100 nm) as the top layer, SiO 2 as a spacer (60 nm), and a homogenous layer of Ag (100 nm) as a back reflector has been evaluated experimentally and found it as a great absorber with an average absorbance of 71 % over the entire visible spectrum, when the incident angle propagated in the normal direction to the metasurface [23] . The prominent feature of the MIC absorber is their structural flexibility to control the absorption bandwidth through engineering their size, shape, and composition for achieving the most efficient absorption. Taking into account the incident, waves propagate from the metamaterial side of the MIC device, thus, amalgamation of two resonant phenomena as a result of impedance matching between interfaces of metal-dielectric and dielectric-metal not only provides the wider absorption spectrum with stronger magnitude [24] [25] [26] [27] , but also its reflection spectrum consists of important spectral features, which make it suitable for sensing application. It must be noticed that the zero transmissivity, as a result of complete blocking of the waves from plain metallic side, results in efficient trapping of the waves in dielectric region; however, the untrapped waves would reflect back from metasurface of the MIC device and would be measured by a detector as net reflection. Replacing the third layer of MIC device with a monolayer graphene or multilayered graphite converts the nature of MIC into MIC device and also changes the scenario of trapping waves in the second layer and transmitted waves from third layer.
In the assumed MIC sensors in this communication, a combination of metamaterial-silicon allows polarized waves a b s o r b e d a t c e r t a i n w a v e l e n g t h s a n d r e f l e c t e d back/transmitted forward from the monolayer graphene/ graphite as a third layer. However, the incident angle, as another important factor, improves the absorptivity at certain wavelengths in the visible and invisible range. The dependency of absorptivity and incident angle mainly related to the whole localization of surface plasmon around nanogold cones and strength of the trapped incident light in a subwavelength distance of each nanogold cones. It must be emphasized that the magnitude of the confined field at the interface of the metamaterial and dielectric partner significantly depends on the shape and size of designed cone structure in the first layer of MIC sensors. The thickness of the third layer in the configuration of graphene-based MIC device is selected to be in subatomic size (∼0.38 nm), while graphite-based MIC is considered ten times thicker. The reason to select a monolayer and multilayer graphene was strongly explained by the relationship between optical transmittance and number of subatomic layer of the graphene in the third layer of MIC device. Assuming the function T(ω) and parameter N in Eq. 1 as the optical transmittance and number of monolayer in a graphene layer, respectively, it can be seen from this equation that, beside the optical conductivity σ 1 (ω) of the graphene, T(ω) inversely related to the square of N (T(ω) ∝ 1/N 2 ).
where c and ω are speed of light and frequency, respectively. Adding more monolayers of graphene basically increase the reflectance property of the third layer. Thereby, the role of the MIC device tends to act as absorber rather than a sensor. However, the MIC devices in this investigation are modeled as sensors to detect the measurands air and seawater under the situation of weakest reflectivity of graphene layer and stronger reflectivity of graphite layer. From the aspect of real fabrication, basically, the MIC sensor with subatomic thickness is a big challenge and apparently costly, but there is a trade-off between the long-and short-term utilization of the sensor in harsh condition (e.g., frictional stage or holder). The report, as a result of measurements of elastic properties and intrinsic strength of monolayer graphene made by Lee et al. [28] , introduces the graphene as the strongest material ever measured. Besides, Steven et al. [29] described the ultra-strong adhesion property of graphene in nanoscale. Thus, regardless the optical property of the proposed MIC sensor in this stream, the mechanical property of the MIC is the concern may need to be considered for real application. Figure 1 presents the schematic of three-layer MIC sensorbased metasurface gold cone. The top layer nanogold cones with thickness of t GC are assumed to take the values of 20 nm and 50 nm, respectively. The chromium nanorods with circular base in the same size of nanocone flat base (diameter of 60 nm) and height (t Chr ) of 10 nm act as spacer to improve surface adhesively of metamaterial and silicon layer. It is noteworthy to state that this layer with very small thickness considers in the structure of MIC sensor only based on fabrication aspect. The silicon layer with thickness of 1 μm has the tasks of confining the incoming polarized waves and performing as a substrate for both metallic sections. Thus, the surface plasmon polariton (SPP) waves can propagate at the interfaces of metallic-dielectric and dielectric-semi metallic (conductor) of MIC sensor. The third layer in graphene-based MIC was considered as a monolayer with subatomic thickness of t G = 0.38 nm, while this thickness in graphite-based MIC was selected as 38 nm. The structure was initially modeled as one-unit cell configured in z direction, using finite integration technique (FIT), and analyzed as infinite arrays which extended periodically in x and y directions. The Floquet-Port for whole of the structure was placed in 50-nm distance from topside to downside of the periodic structure. The incident EM waves (drawn as inward red-solid arrow) in Fig. 1 were assumed to impinge upon the metasurface of both MIC sensors at different polar angle of θ. Meanwhile, the azimuthal angle ϕ has kept at 0°during sweeping incident angle of θ, hence, the localized coupling of the EM waves to the top surface of MICs takes place only in one angular direction. Further, since the model of the MIC sensors was evaluated under polarized transverse electric and transverse magnetic (TE and TM) waves, variation of the incident angles effectively alters the spectral behavior of the models, thus, the initialize point of sweeping angle that was considered to be normal to the metasurface and its finalize point was adjusted to be almost parallel to metasurface of MICs in simulation. 
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Results and Discussions
The analysis of the obtained results in this section is discussed in two parts. First, we present the transmission spectrum graphs of metasurface MIC sensor with monolayer graphene layer as back reflector, and in the second part, we analyze the reflection spectrums of metasurface MIC sensor with multilayer of graphite as back reflector. The common spectral feature of both MICs sensors is both simulate over the same wavelength range of 500-1000 nm. Also, dimensional structure and the used materials in first and second layers of both MICs sensors are also assumed to be the same. Polarized TE and TM waves with incident angle of θ were selected to vary from 0°to 80°with a step of 10°. Apart from this, it is evident that, from the complex permittivity graphs of graphite and graphene present in Fig. 2a, b , both materials are classified as lossy mediums for the waves to propagate in terahertz frequency (i.e., the permittivity plots of graphene and graphite are obtained from material library of CST software). Figure 3a , b, respectively, presents the plots of transmission spectrums corresponding to the situation TE and TM waves with variable incident angles θ = 0°-80°that interact with gold cone metasurafce of monolayer graphene-based MIC sensor, wherein it infiltrates with air as measurand. The thickness of nanogold cone and nanolayer chromium rod in both situations are constant, viz. t GC = 20 nm and t Chr = 10 nm. In the case of TE mode, we observe several peaks in transmission spectrum, which essentially reveals the effect of resonance taking place at the interfaces of MIC sensor. The existence of strong peaks in transmission spectrums also clearly shows that more photons propagate prependicular to the interfaces of nanogoldsilicon and silione-graphene at certain wavelengths. The variation of TE and TM incident from θ = 0°to 80°plays an important role in strength of the appeared peaks in transmission spectrum. In the case of TE, it can be seen that three peaks with transmittivity of more than 50 % are formed at wavelengths of 750, 822, and 925 nm and correspond to incident angle θ = 0°, 10°, and 20°. The position of spectral peaks displaces to left (i.e., blue shift) in Fig. 3a by gradual movement of TE wave from the position point normal (i.e., θ = 0°) to the metasurface plane and to the point almost parallel (i.e., θ = 80°) to the first layer of MIC device. Further increasing the incident angle toward 80°leaves negative impact on the amplitude of the peaks over the whole wavelength range. Corresponding to s-polarized excitation of graphene-based MIC sensor, it has been found that the visible range is not suitable for sensing application as to remarkably reducing the amplitude of transmission peaks. The outstanding feature of the Fig. 3b , which makes it interesting to compare to Fig. 3a , is complementary behavior of the spectrum during variation of the incident angles. In Fig. 3b , by decreasing the incident angle from θ = 80°to 0°, the amount of tranmission with respect to any wavelength presented in the spectrum was to increase up. Also, despite the situation of incident angles θ = 70°and 80°, the amplitudes of the peaks for the rest of the incident angles are less than the ones in Fig. 3a , and found not suitable for accurate sensing. Besides, however, the transmission spectrum of graphene-based MIC sensor spectrum in response to p-polarized incident at θ = 70°and 80°offers high transmissivity, which makes it efficient for sensing application; however, the spectrum does not provide outstanding features including sharp dips or peaks at certain wavelength\ wavelengths suitably useful for sensing application.
Part I: MIC Sensor with Monolayer Graphene
The spectrum graphs in Fig. 4a, b were obtained for the same configuration of the graphene-based MIC sensor presented in Fig. 3 , and only the air measurand has been replaced with seawater. The features of the spectrum for both TE and TM in these figures are lack of the expected consistency corresponding to each incident angle and are not comparable with what observed in Fig. 3a, b . Infiltration of nanogold cones with seawater effectively changes the variation of the patterns in irregular manner. For example, from Fig. 4a , it can be recognized as one strong transmission peak at a wavelength of 760 nm and incident angle of 50°, which is known as exotic response of the graphene-based MIC sensor. Apart from all random variations of trends in Fig. 4a , in the wavelength range between 850 and 875 nm and 960 and 980 nm, some transmission peaks with magnitude of above than 50 % at incident angles between 0°and 50°are distinguishable from transmission spectrum. The patterns presented in Fig. 4b similar to Fig. 4a are disordered, but similar to Fig. 3b , better transmissivity can be observed for lower incident angle. More interestingly, the peaks that correspond to θ = 80°and 70°and at λ = ∼830 and ∼860 nm, respectively, are found to be stronger than those discussed in Fig. 4a . Furthermore, sensing based on shift in wavelength as to variation of incident is not suitable in the case of seawater as measurand.
Increasing the height of nanogold cone up to 50 nm in the first layer of graphene-based MIC sensor negatively vanishes the peaks in the wavelength range of 750-850 nm, but alternately, enhancing the transmissivity up to ∼60 % in wavelength range of 940-950 nm specifically for low incident angle, viz. θ = 0°, 10°, and 20°in Fig. 5a . The transmission spectrum in Fig. 5b also shows a significant reduction within the similar wavelength range (i.e., 750-850 nm). In general, increasing the thickness of nanogold to 50 nm has a negative impact on the transmissivity of the device with measurand as air.
In Fig. 6a , b, we observe that mounting the metasurface up to the height of 50 nm creates stronger peaks in invisible range only in the case of s-polarized incident angle. Further comparison also indicates that the transmissivity reaches more than 60 % in three locations of transmission spectrum with respect to lower and higher incident angles, viz. 750 nm < λ < 800 nm, 850 nm < λ < 900 nm, and 950 nm < λ < 1000 nm. However, in the situation of p-polarized excitation in Fig. 6b , the width of the peaks becomes narrower in the wavelength range of 800-850 nm compared to Fig. 4b , and as a result, two peaks with transmission of about 80 % formed, corresponding to higher incident angle (i.e., 70°and 80°). By referring to the achieved transmission plots in Figs. 3, 4 , 5, and 6, it can be concluded that metasurface with 20 nm thickness in graphene-based MIC sensor can provide a better transmission spectrum for sensing air as gas rather than seawater as liquid.
Part II: MIC Sensor with Multilayer Graphite
In this part, we assumed that the monolayer graphene investigated in part I becomes 100 times thicker (38 nm). Hence, in the situation of weak transmissivity, the reflection spectrum of graphite-based MIC sensor has shown interesting feature, which makes them interesting for sensing application. Also, in this case, we consider the air and seawater as measurands and infiltrate them with metasurface of graphite-based MIC sensor. The reflection spectrum plots shown in Fig. 7a , b have many common spectral features, which make it difficult to differentiate between the types of excitation incident. In both cases, the sensor can detect the air measurand using the blue shift observed in their reflection spectrum. The outstanding feature of reflection spectrum is the availability of many sharp dips with reflectivity of almost 0 % in visible regime (600-650 nm).
The reflection spectrums of graphite-based MIC sensor corresponding to each case of s-or p-excitation incident and in response to seawater (Figs. 8 and 10 ) encounter disordering of spectral patterns similar to what has been observed in Figs. 4 and 6. Thus, detection based on shifting wavelength as to variation of incident angle or even rising or falling the magnitude of the featured peaks is difficult and may be accompanied by errors during measurement. It is also confirmed in Fig. 9a , b that subjecting to both transverse excitations and increasing the gold metasurface to 50-nm thickness degenerates the quality of the observed sharp dips specifically in visible range of the reflection spectrum.
It is worthy to mention that the reflection spectrum in response to the variation of incident light from lower to higher angles gives similar movement of trends for both s-and p-polarized waves. This means that the highest and lowest reflectivities are observed in accordance with lower and higher incident angles of polarized incident, while such a matter that was different in transmission spectrum of graphene-based MIC sensor and observed patterns for s-polarized incident was complementary of the spectrum obtained from p-polarized incident wave (Fig. 10 ).
An Illustrative Comparative Analysis Between Spectral Features of MIC Sensor with Multilayer Graphite and Monolayer Graphene under the Situation of Zero Thickness Metasurface Chromium
In this section, we present the results under the assumption of the ignoring chromium layer as the interface layer. It must be noticed that the effects due to removing this layer are remarkable more specifically in invisible range and up to some extent in invisible range. Thus, the study of MIC sensor under this condition may extend to all the possibilities, which were discussed in previous section, and to avoid confusion because of many obtained results; this section only for an illustrative demonstration and comparison only taking into account the multilayer graphite and monolayer graphene MIC sensors with gold cone height of 20 nm whose metasurface infiltrated with air measurand and in the situation where both MIC sensors exposing to TE mode of incident wave radiations. ig. 11 Transmission spectrum of MIC monolayer graphenebased sensor (t Gphi = 0.38 nm) with zero thickness of chromium under s-polarized excitation with measurand air and metasurface thickness of 20 nm Fig. 10 Reflection spectrum of MIC graphite-based sensor (t Gph = 38 nm) under a s-polarized and b p-polarized excitation with measurand seawater and metasurface thickness of 50 nm
In the transmission spectrum of MIC sensor with monolayer graphene as shown in Fig. 11 , after removing the metasurface chromium layer, the height of neighboring peaks (i.e., 650 nm < λ < 700 nm, 700 nm < λ < 750 nm, and 850 nm < λ < 900 nm) nearby the strongest peak at the wavelength of ∼825 nm and most importantly at the incident angles of θ = 0°has reduced significantly by at least 6 % or above it compared with the counterpart's plot in Fig. 3a . Apparently, degenerating the peaks that correspond to all situation of the incident angle is clearly obvious in Fig. 11 . Apart from the negative effect of discarding metasurface chromium on transmission spectrum of the MIC sensor with monolayer graphene, it positively improves the situation of the dip's depth in the reflection spectrum of MIC sensor with multilayer graphite. Looking back at Fig. 7a , the reflectivity coefficient of the dips at any incident angle and in the wavelength range above than 800 nm is almost about/above than 20 %, when the metasurface chromium has used as an interface layer; however, in the same situation and only considering the zero thickness of chromium layer, the height of the depth reached the amounts close to zero value (Fig. 12) . This enhancement would increase the sensitivity of the sensor in the invisible range.
Conclusion
From the above analyzed results, with the inference drawn that both graphene and graphite in the structure of MIC sensor are the good candidates for sensing air in the condition where the thickness of nanogold cones was set to be around 20 nm, spolarized wave was considered as excitation incident, and wavelength range selected was 750-950 nm. Hence, the configurations of both sensors may be found suitable to investigate on other types of gases. The complete sweeping of incident angles for measurand seawater as a typical liquid in each case of 20 and 50 nm nanogold cones, and also for neither TE nor TM polarized waves, does not yield an acceptable result, thus, it is not recommended to be used for sensing other types of liquid state of matters. ig. 12 Illustrative reflection spectrum of MIC monolayer graphite-based sensor (t Gph = 38 nm) with zero thickness of chromium under s-polarized excitation with measurand air and metasurface thickness of 20 nm
